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The dipolar-random-field Ising model ~DRFIM! recently introduced @A. Magni, Phys. Rev. B 59, 985
~1999!# displays a behavior that can be connected to the magnetization of bidimensional magnetic media.
Epitaxial magnetic garnet films seem to be the ideal test material for such a model. In this work the results of
the measurements performed on garnet samples are presented, as well as the comparisons with simulation
results obtained by the DRFIM. The results prove that a variety of hysteresis loops are well described by the
DRFIM. This capability does not derive from the fine tuning of a great number of parameters, but by the
interplay of exchange and dipolar interactions.I. INTRODUCTION
The dipolar-random-field Ising model1–3 ~DRFIM! proved
itself apt to describe many different magnetic behaviors, at
the level of both the hysteresis loops and the domain struc-
ture. We present now a possible application to the descrip-
tion of the magnetization phenomenon in magnetic garnet
films.
In the DRFIM, the Hamiltonian is defined on a two-
dimensional lattice. Two types of spin-spin interaction are
present: the spins interact at a next-neighbor level ~exchange
interaction!, and with long-range dipolar interaction. The ex-
change interaction is ferromagnetic, while the dipolar inter-
action is antiferromagnetic, thus describing the effect of
long-range demagnetizing forces. Last, the interaction of
each spin with a frozen disorder is present in the Hamil-
tonian; this term forces the spin in a preferred direction, cho-
sen at random from the start. The system state is then studied
in its evolution under the action of an applied field. Among
the results reported in Ref. 1, a regime has been observed in
which the domain structure is in the form of stripe domains,
while the hysteresis loops present an important nucleation
jump, followed by a nearly zero-loss region in which just the
motion of the domain walls ~DW’s! is present. A comparison
is then immediate with thin materials such as garnet films,
which exhibit similar phenomena.4
II. MODEL DESCRIPTION
The description of the DRFIM must start from its
Hamiltonian,1 based on a bidimensional lattice, with periodic
boundary conditions.
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where the four terms are, in sequence: the exchange interac-
tion; the dipolar interaction; the random field; and the exter-
nal field interaction.
The J and P parameters express the strength of the ex-
change and dipolar interactions, while the V constant repre-PRB 610163-1829/2000/61~5!/3203~4!/$15.00sents the strength of the local random fields hi
c
. The random
fields are obtained from a Gaussian distribution with zero
mean and unit variance. The exchange interaction acts at a
nearest-neighbor level only, while the dipolar interaction is
long range, with ri j5A(xi2x j)21(yi2y j)2 indicating the
relative distance in lattice units. The applied field H acts as
the external driving force, and is used to magnetize the sys-
tem.
Two limit cases can be recovered from this model. When
the P parameter is zero, we obtain the random-field Ising
model ~RFIM! Hamiltonian.5–9 When instead the V param-
eter is zero, we obtain the dipolar Ising Hamiltonian, recently
introduced10–13 to describe the magnetostatic energy of a
system.
The dimensional counterpart of Eq. ~1! can be obtained
if one knows the correspondence between the $J ,P ,V%
constants of the model and the physical phenomena present
in a thin magnetic medium that the model simulates. To
recover the exchange parameter value, we make the assump-
tion that the exchange interaction between two cells of side
a, thickness h, and opposite magnetic moments 6m be equal
to the energy of the DW’s separating the two cells:
Jm25sDWah , where sDW is the DW energy density. Under
the approximation in which the long-range interaction be-
tween two cells is dipolar, we recover the dipolar interaction
parameter as P5m0/4p . Last, the disorder term adds to-
gether the effect of different physical phenomena, such as
dislocations in the lattice, or the presence of impurities.
Therefore, V remains in the Hamiltonian as a free parameter,
with the dimensions of a field. The dimensional Hamiltonian
can then be written as
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where the spins si assume the values 61, and the distances
ri j are in lattice units. The magnetic moment of a single cell3203 ©2000 The American Physical Society
3204 PRB 61BRIEF REPORTSis m5a2hIs /m0 , and Is is the saturation polarization. The
last term ~zero term E0! is added to correctly set the zero
value of the magnetostatic energy. In fact, if all the cells are
separated to an infinite distance from each other, the total
magnetostatic energy will be equal to the number of cells
times the magnetostatic energy of a single cell
E‘
ms5(m0/2)a2h(Is2/m02)N , and U5Na2h is the total sys-
tem volume. It should be observed that the addition of the
correction term in no way changes the dynamic behavior of
the system, being just an offset in the energy, nondependent
on the system state.
The Hamiltonian is dependent on the spin configuration
~system state! $si% and on the external field H. Then, the
variation of the Hamiltonian can be written as
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where we have defined the local field hi experienced by si as
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Equation ~3! shows that the system energy can change as a
consequence of two possible factors: the inversion of a spin,
or a change in the external field.
The stability condition requires that the system state is
considered stable when each spin is directed according to the
sign of the local field hi : si5sgn(hi). The study we will
present is at zero temperature: no temperature fluctuations
are considered that can invert a spin in the opposite direction,
as long as the applied field H does not change, thus changing
the hi value. Moreover, we will assume that the evolution of
the system occurs at timescales much shorter than the exter-
nal field rate of change: a behavior known as rate-
independent hysteresis. The consequence of this assumption
is that, during an irreversible state change ~avalanche! the
external field can be considered constant.
III. CONTROL RATIOS
In Ref. 1 it was shown that the hysteresis loop properties
in the framework of this model depended on just two control
ratios: the dipolar to exchange strengths ratio D5P/J , and
the disorder to exchange strength ratio v5V/J @see Eq.
~1!#. When the dipolar interaction strength is lower than the
exchange coupling (D,0.5), the hysteresis loop shows two
big avalanches, spanning a great part of the lattice. If
D50, just the two saturated system states are possible. In-
stead, an increase in the value of D let us observe a smaller
nucleation jump. In garnet films,14,15 as well as in other ma-
terials such as monocrystalline ferrite plates,16 the hysteresis
loops behave in exactly the same way, with a nucleation
jump followed by a region characterized by smaller losses,typical of DW motion. As the v ratio is increased, the nucle-
ation jump magnitude decreases to zero. In fact, a high
enough value of the disorder v causes the spins to flip inde-
pendently, and, as a consequence, the height of the irrevers-
ible jumps decreases. The nucleation jump originates by the
exchange interaction. A complete magnetization reversal in a
field interval DH→0 is contrasted by the two other terms in
the Hamiltonian: the dipolar interaction and the disorder
term. In the region 0.5,D,2, where the nucleation jump is
still well defined, the dipolar field contribution is strong
enough that a disorder to exchange ratio v’1022 is suffi-
cient to destroy the nucleation jump. As the model ap-
proaches the RFIM description instead (D,0.5),6 the dipo-
lar term becoming negligible, a greater v value is necessary
to hinder the infinite avalanche. The DRFIM is able to pro-
duce a wide variety of magnetic behaviors, when its two
main ratios are tuned. A partial summary is given in Table I.
In our case, three physical parameters appear in the
Hamiltonian Eq. ~2! known in advance: the saturation polar-
ization Is , the DW surface density sDW , and the sample
thickness h. Two additional parameters are present, that have
to be tuned in order to obtain a comparison with real material
loops: the disorder strength V and the lattice spacing a. The
number of spins used in the simulation is important because
it allows us to observe the details of the avalanches, but it
has been already observed that—beyond a given limit—the
loop shape does not change when increasing N. Knowing the
value of the physical parameters and the value of V, a we
obtain
D
Is
2h
4pm0sDW
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While it appears evident that there is a proportionality be-
tween the product aV and the disorder field in the v ratio, the
D ratio is dependent just on the physical parameters of the
sample: saturation, thickness, and the DW energy density,
and it is therefore known from the start. An interesting prop-
erty is the D}h dependence: it follows that in this model we
will have a value of the D ratio decreasing to zero with
decreasing thickness. Therefore, we can expect that the stripe
domain structure, that is a signature of a high dipolar contri-
bution, will seldom be found on very thin films, as in fact it
is observed.
IV. OBSERVATIONS AND COMPARISON
The measured hysteresis loops are obtained in the Faraday
effect. The light produced by a halogen lamp is polarized,
then traverses the sample perpendicularly. The sample is
magnetized with a coil able to produce a field perpendicular
to the sample, with Hmax
’ ;3 104 A/m. The light beam then
goes through, in sequence, the objective, a second polarizer,
TABLE I. Model properties under varying control ratios.
Control ratios Hysteretic behavior Domain structure
D,0.5; v50 Ising like Saturated state
D,0.5; v.1 RFIM Cluster domains
0.5,D,2; v,1 garnetlike Stripe domains
PRB 61 3205BRIEF REPORTSTABLE II. Physical parameters of the samples. Is , is the saturation polarization; l is the characteristic length; P0 is the zero-field stripe
domain period: h is the film thickness: sDW is the DW energy density. Also shown the best fit parameters used V, a, and the resulting control
ratios D, v.
Sample
Physical parameters Fit parameters Control ratios
Is (mT) l ~mm! P0 ~mm! h ~mm! sDW ~mJ/m2) V ~A/m! a ~mm! D v
A 5.18 7.90 165. 12.6 0.17 10210 80 0.126 2.0310213
B 20.5 0.58 10.5 5.4 0.19 10215 4 0.756 8.6310219
C 16.3 3.66 56. 11.8 0.77 3. 10211 21 0.258 2.4310214the ocular, and a photodiode. The signal reported by the
photodiode is proportional to the light intensity, which is
linked to the sample magnetization. This is due to the fact
that, although the Faraday rotation depends upon the wave-
length of the light, in white light one can nevertheless corre-
late changes in magnetization with light variations. This has
been carefully tested by measuring the loops in the same
material, with white light and He-Ne laser light, and compar-
ing the results with a measurement performed in a PAR vi-
brating sample magnetometer. No differences have been
found.
As shown for example in Ref. 17, a relationship exists
between light intensity L and the corresponding sample rela-
tive magnetization I/Is , depending upon two factors: the
angle (p/22w) between analyzer and polarizer, and the total
Faraday rotation of the sample u. Being often difficult to
know with great precision the w, u values, it is possible to
derive a relationship I/Is5 f (L;L1 ,L2 ,L0), where L1 , L2
and L0 are the light intensities at positive, negative satura-
tion, and remanence, respectively. In our optical bench this
relationship is automatically applied, the result being the
loop $H(A/m), I(T)%, where I is obtained by I/Is and the
knowledge of Is by vibrating sample magnetometer measure-
ments.
Three garnet samples have been studied, whose physical
parameters are described in Table II. The chemical compo-
sition of the samples is ~YSmCa!3~FeGe!5O12 ~samples A and
B! and ~YCa!3~FeGeCo!5O12 ~sample C!. The samples were
chosen to show a variety of loop properties ~Figs. 1, 2,3!.
Although samples A and B share the same chemical compo-
sition they behave very differently due to differences in the
growth parameters used. Sample B possesses the most typi-
cal garnet loop, with a great nucleation step appearing at a
fixed field value H’6000 A/m, after which the magnetiza-
tion proceeds exclusively by DW motion, with very low
FIG. 1. Sample A hysteresis loop ~solid line: experimental; dot-
ted line: simulation!.losses. Sample A is more anomalous. The most striking prop-
erty is the vanishing of the nucleation jump, substituted by a
less discontinuous curve. Sample C’s loop is similar to A, but
the coercive field is much higher.
One of the more relevant physical phenomena present in
the magnetization dynamics of garnet films is domain nucle-
ation. This process very often can be observed on the hys-
teresis loop as a sharp magnetization jump, followed by a
successive region in which just DW motion is present. It is
not our aim to develop here a detailed discussion on the
nucleation phenomenon, but just to observe some similar
points, common to both garnet films and our model. Optical
investigation shows that during the nucleation process all the
domain structure is generated, in the form of elongated stripe
domains.18 Just in the successive phase of DW motion the
stripes change their width under the action of the external
field. Likewise, in DRFIM the first reversed spins are forced,
by the concurrent action of dipolar and exchange interac-
tions, to generate elongated stripes spanning the whole lat-
tice. Moreover, the collective behavior of the stripes in both
the cases of DRFIM and garnet films is similar: the stripes
have a self-avoiding tendency, due to the dipolar interac-
tions. So we often observed the presence of stripes elongat-
ing in a given direction during an avalanche, then, coming in
the proximity of another stripe, suddenly changing direction,
to not intersect it. This behavior is the origin of the genera-
tion of the maze pattern. The nucleation phase can be ob-
served clearly on the hysteresis loop—as long as the disorder
parameter V is not too high—in the form of a sudden, almost
vertical, magnetization jump. The field at which nucleation
occurs has been calculated1 in the limit of low disorder
V→0:
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FIG. 2. Sample B hysteresis loop ~solid line: experimental; dot-
ted line: simulation!.
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V→0 limit.
The most interesting result is the possibility to obtain a
good accord of the simulations with the experimental hyster-
esis loops. The model can describe materials having the typi-
cal garnet behavior ~sample B!, with a nucleation jump fol-
lowed by an almost zero-loss region. At the same time, even
material loops having squareness Ir /Is’l ~samples A,C! can
be described. The better fits to the physical loops were ob-
tained fixing the a parameter to approximately half the zero
field stripe period P0 . The a’P0/2 restriction allowed also
to obtain a good fit of the nucleation field value. Conse-
quently, in our model just one free parameter remains, the
disorder strength V . Being unable to link this parameter to
some well known constant describing the disorder in the me-
dium, it has to be tuned up to obtain the better results.
In Table II are shown the simulation parameters used, and
the resulting D, v values, to be used as a reference to the
results in Ref. 1. The modeling of samples A and C shows a
low D value, together with a relatively high v value. As a
consequence both loop shapes are very near to the squared
Ising loop, with small deviations just after an almost com-
plete magnetization reversal: the dipolar interaction is not
completely negligible, and makes it difficult to completely
saturate the lattice. The high D value of sample B is due to
the strong dipolar field present, that severely changes the
loop shape compared to samples A,C. Let us stress the fact
that its value is in no way imposed from the outside, but is
just a consequence of the Is , h , sDW values.
FIG. 3. Sample C hysteresis loop ~solid line: experimental; dot-
ted line: simulation!.V. CONCLUSIONS
We presented a natural application of the dipolar-random-
field Ising model to a physical problem: the garnet film mag-
netization process. We consider it to be a natural application
due to the common features present both in garnet films
magnetization dynamics and in DRFIM. First of all, what we
named the typical garnet hysteresis loop can be obtained in
the model, in a given parameter range. Second, one of the
most striking features of the garnet loop, namely the nucle-
ation jump, is present in the DRFIM, too. Last, the domain
structure obtained in the DRFIM, in the same parameter
range where we obtain the garnet loop, is the stripe domain
structure. This domain structure is a common feature of gar-
net films magnetized in a direction perpendicular to the film
plane.
The main feature of this model is the low number of free
parameters: the cell side a and the disorder parameter V. The
first parameter a displayed a strong relationship with a well-
known physical parameter, the zero-field stripe domain pe-
riod P0 , so that the next logical step will be to investigate
further with the tuning of the V parameter only, that appears
to be related to the inner disorder. The basic shape of the
loop, given by the ratio D, is known right from the start,
from the physical parameters Is , h , sDW . Notwithstanding
the low number of parameters present, a great loop shapes
variety can be obtained. It must be observed ~Tables I and II!
that in the case of one of our samples ~B! the D, v parameters
are in the range prescribed for garnets, while in the A and C
cases the parameters are midway between the Ising and
random-field Ising behaviors. We chose the samples accord-
ing to the possibility to show a variety of different hysteretic
behaviors for these materials. It must be stressed that, to our
knowledge, any garnet sample sharing the standard hyster-
etic properties of sample B can be reproduced by our model.
Samples A and C are extreme cases, but, nevertheless, the
model parameters can be found in these cases too.
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